Abstract This study examines changes in the local oceanographic and atmospheric conditions over the southern Bay of Bengal and adjacent Indian Ocean waters after the 2004 Indian Ocean tsunami based on satellite remote sensing data and atmospheric reanalysis fields. After the tsunami that occurred on 26 December 2004, the accumulated rainfall had a notably increase (600 mm per month) in January of 2005 over deep waters to the southeast of Sri Lanka. This rainfall increase after the tsunami was accompanied with cooling in the sea surface temperature (SST) (up to −2°C). Four-day averaged SST anomalies had a noticeable increase (1-4°C) after the tsunami over the deep waters to the southwest of the epicenter. Series of ocean atmospheric and biological variables changed successively after the change of SST. The chain of causality between the tsunami and the changes in the local atmospheric conditions is suggested.
Introduction
The atmosphere and ocean act as one interdependent system and are coupled by complicated feedback components (Thurman and Trujillo 2002) . Tropical cyclones, for example, obtain their energy from the evaporation of water from the ocean surface and eventually recondense into clouds and rain when the moist air rises and cools to saturation. In addition to strong winds and heavy rain, tropical cyclones are capable of generating severe surface waves, large storm surge, and tornadoes.
The 2004 Indian Ocean tsunami is the greatest tsunami in the past 100 years (Yan and Tang 2009 ). This tsunami was caused by the Sumatra-Andaman earthquake, which is an undersea megathrust earthquake that occurred at 00:58:53 Coordinated Universal Time (UTC) on 26 December 2004, with an epicenter off the west coast of Sumatra, Indonesia (Lay et al. 2005) . The Indian Ocean tsunami resulted in catastrophic losses of over 230,000 human lives and massive damage to housing, utilities, roads, and bridges in 12 countries around the Indian Ocean (Lay et al. 2005; UNEP 2005) . Previous studies suggested that this tsunami might also have long-lasting effects on chemical, physical, biological, and ecological conditions in the Bay of Bengal and adjacent waters (DOD 2005; UNEP 2005; Tang et al. 2006 Tang et al. , 2008 Agarwal et al. 2007; Luis et al. 2007; Singh et al. 2007; Yan and Tang 2009 ). Due to large displacement and strong vertical mixing of the ocean water caused by this tsunami, some physical and chemical variables of the ocean water, such as the sea surface temperature (SST), salinity, dissolved oxygen, and nutrients exhibited post-tsunami changes in the northern Indian Ocean (Anilkumar et al. 2006; Luis et al. 2007; Agarwal et al. 2007; Yan and Tang 2009; Tang et al. 2006) . SST variations exceeding 1°C, for example, were observed after the tsunami in water columns between 50 and 250 m over areas to the west of Andaman Islands (Luis et al. 2007; Agarwal et al. 2007 ). The upper ocean thermocline structure in the Bay of Bengal (BoB) was modified after the tsunami with the surface mixed layer thickness reduced by 10 to 30 m, due mainly to the tsunamiinduced vertical entrainment (Luis et al. 2007 ). The tsunamiinduced ocean waves stirred up sediments over coastal regions and increased suspended sediment concentrations (SSCs) in the northeastern Indian Ocean (Anilkumar et al. 2006) . Because of the detrimental effects of the tsunami on the riverbank and coastal vegetation, the SSC in the coastal waters showed increases in the wet season of 2005 (Yan and Tang 2009 ). The increase of suspended sediments may absorb or scatter the solar irradiance and reduce its transmissivity, thereafter severely impacting the marine primary production (Tang et al. 2006) .
The 2004 Indian Ocean tsunami also modulated the local atmospheric conditions. It was reported that both the water vapor loading and winds in the boundary layer of the BoB were affected by this tsunami (Agarwal et al. 2007 ). Abnormal changes of atmospheric conditions, such as a decrease in the sea level air pressure by 0.6 hPa, an increase in the relative humidity by 30 %, and a prominent reduction in the air temperature by more than 3°C on the day of the tsunami along the Indian coasts, were also observed on 26 December 2004 (Vishnu et al. 2012) . Using an eddy-viscosity model for the averaged Reynolds stresses in turbulent flow, Godin (2004) examined theoretically the interaction of a tsunami in the deep ocean with a turbulent wind under neutral stratified atmospheric conditions and demonstrated that in the lowest tens of centimeters of the atmosphere, tsunami-induced perturbations of winds are much greater than the perturbations in ocean currents. Large tsunami-induced changes in the surface winds and SST should also modify the latent heat flux at the sea surface. The latent heat flux (LHF) is the flux of heat between the Earth's surface (including the sea surface) and the atmosphere and is associated with evaporation or evapotranspiration of water at the surface, leading to energy transfer to the atmosphere and subsequent condensation of water vapor and release of that energy in the troposphere. Therefore, high winds and large temperature differences between the atmosphere and the Earth's surface should lead to high LHF (Liu 1988) . The tsunami-enhanced turbulent vertical mixing should also affect the air-sea heat exchange and the ocean surface boundary layer properties (Agarwal et al. 2007) .
It should be noted that most of previous studies on the effects of the 2004 Indian Ocean tsunami on the physical oceanographic conditions in the northern Indian Ocean were based on sparse in situ temperature and salinity measurements at a few stations. In particular, the post-tsunami effect on the SST was studied mainly around Andaman and Nicobar Islands and in some coastal areas of the BoB (Murthy 2005; Agarwal et al. 2007) . Furthermore, the posttsunami effects on the local atmospheric conditions such as wind and rainfall remain to be studied. The main objective of this study is to examine the effects of the 2004 Indian Ocean tsunami on the local atmospheric and oceanographic conditions in the southern BoB and adjacent Indian Ocean waters based on the satellite remote sensing data and atmospheric reanalysis fields. The remainder of this paper is organized as follows. Section 2 presents the data and methods used in this study. Section 3 discusses results, and section 4 is discussion.
2 Study region, data, and methods
Study region
The study region is the southern BoB and adjacent deep waters of the northern Indian Ocean between 2°S and 10°N and between 78°E and 98°E (Fig. 1) . The BoB is the largest bay in the world by area. It covers ∼2.17×10 6 km 2 , with a maximum width of ∼1000 km around 15°N (Sarma et al. 2000) . The BoB is a semi-enclosed basin bordered by Sri Lanka and India to the west, Bangladesh to the north, and Myanmar and the northern part of the Malay Peninsula and Sumatra Island to the east. The mean water depth in the bay is ∼2600 m with a maximum depth of ∼5260 m. The central part of the BoB is comparatively flat with water depths increasing from ∼2500 m over the northern part to ∼3800 m over the southern part of the bay.
The local climate of the BoB is dominated by monsoons. From November to April, the northeast (winter) monsoon prevails, with northeasterly winds blowing from the high atmospheric pressure area over the Asian continent into the north of the bay (Potemra et al. 1991) . From June to September, by comparison, the rain-bearing southwest (summer) monsoon prevails, and intense heat produces a low-pressure system over the continent and a subsequent airflow from the ocean. The hydrographic conditions in the bay are determined largely by the monsoon winds and hydrographic characteristics of deep waters in the Indian Ocean. Freshwater discharge from rivers in the region affects the hydrodynamics over the northern part of the bay, with a freshwater plume along the Indian coast during the southwest monsoon (Vinayachandran and Kurian 2007) . The main oceanic surface circulation in the BoB in the winter monsoon from December to March is characterized by an anticyclonic circulation over the northern part, broad southward or southwestward currents over the southern part, and strong southward jet along the east coast of Sri Lanka (Paul et al. 2009; Kumar and Chakraborty 2011) . In the summer monsoon from June to August, the general oceanic surface circulation in the BoB is characterized by a small-size cyclonic gyre over the northern part, broad southeastward currents over the central part, and strong eastward currents over the south part of the bay.
The epicenter of the 9.3-magnitude Sumatra-Andaman earthquake occurred at about 1300 km of the oceanic subduction zone at about 100 km to the west of Sumatra and Nicobar and Andaman Islands (Titov et al. 2004) . After this tsunami, two tropical storms with maximum speeds of ∼35 km h −1 swept the study region separately on 8-10 January (Unisys 1) and 14-17 January (Unisys 2) 2005 (http://weather.unisys.com/). It is unknown whether these two tropical storms had any succession relationship with the 2004 Indian Ocean tsunami.
In this study, time-series of satellite remote sensing data and atmospheric reanalysis data over a small area (between 84°E and 87°E and between 4.8°N and 6.4°N marked by the solid box in Fig. 1 ) to the southeast of Sri Lanka are used to examine changes in the oceanographic and atmospheric conditions before and after the tsunami. This area was chosen mainly based on its reasonable availability of the satellite remote sensing SST data. Colored cycle symbols represent positions and speeds of two tropical storms known as Unisys 1 and 2 which swept the offshore area to the southeast of Sri Lanka. The satellite data and atmospheric reanalysis data over the small area marked by a solid box are discussed in the paper. Two large areas marked by dashed boxes are referred to as the area to the southeast of Sri Lanka (SES) and the area to the southwest of the epicenter (SWE) resolution for the products is 2.5°×2.5°, and the data were obtained from the website of the Physical Science Division at the Earth System Research Laboratory of the National Oceanic and Atmospheric Administration (PSD-ESRL/NOAA, http://www.cdc.noaa.gov).
(c) Precipitation
The satellite remote sensing data for precipitation were estimated from the three hourly products of the Tropical Rainfall Measuring Mission (TRMM, 3B42 V6 derived, Level 3). The spatial resolution for the TRMM products is 0.25°×0.25°. The daily mean precipitation data computed from the three hourly TRMM products were obtained from the website of the Goddard Earth Sciences Data and Information Services Center (GES DISC, http://disc2.nascom.nasa.gov/ Giovanni/tovas).
The sea surface wind fields over the study region were taken from the ocean surface wind products generated by the Quick Scatterometer (QuickSCat), which are available at the website for the Remote Sensing Systems sponsored by the NASA Ocean Vector Winds Science Team (http:/www.remss.com). The Level 3 QuickScat data were generated using the Direction Interval Retrieval with Threshold Nudging (DIRTH) method from the QuickScat Level 2B ocean surface wind data with a horizontal resolution of approximately 0.25°×0.
25°. (e) Sea level anomaly
The near real-time sea level anomalies (SLAs) extracted from Ssalt/Duacs multimission altimeter products are used to examine the changes of sea level anomaly before and after the tsunami in this study. The SLA data were obtained from the website for Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) http://www.aviso.oceanobs.com).
Data analysis method
The 4-day means of satellite remote sensing fields for the SST, wind, and accumulated rainfall were computed from the daily mean fields for 71 days from 20 November 2004 to 30 January 2005. The color images of 4-day means were constructed by the Grid Analysis and Display System (GrADS, v.1.8) for the study region shown in Fig. 1 . The 4-day means of the MODIS SSTs, QuickScat wind speeds, and TRMM rainfall during ten selected periods are used to investigate the changes in the local atmospheric and oceanographic conditions in the study region associated with the Indian Ocean tsunami. Each period lasts 4 days. These ten selected periods are (1) 23-25 December, (2) 26-29 December, (3) 30 December-2 January, (4) 3-6 January, (5) 7-10 January, (6) 11-14 January, (7) 15-18 January, (8) 19-22 January, (9) 23-26 January, and (10) 27-30 January. The satellite data and reanalysis fields in the first period (23-25 December) are used to represent the atmospheric and oceanographic conditions before the tsunami. The data and fields in the remaining nine periods (26 December to 30 January) are used to represent the post-tsunami conditions. The 4-day means are considered in this study, due to the cloud cover which affects the availability of satellite remote sensing SST data.
Results

Changes in the sea surface temperature and air temperature
We first consider the general SST features inferred from the available MODIS SST data over the study region. The MODIS SST data coverage in the study region is very good during periods 2, 3, 8, 9, and 10 ( Fig. 2a) but comparably poor during other periods, particularly in periods 4 and 5 due to the cloud cover. A comparison of SST images shown in Fig. 2a1 -2 indicates that surface waters over the northern Indian Ocean to the southwest of the epicenter (SWE, see Fig. 2a2 ) got warmer by up to 4°C during the first 4-day period after the Indian Ocean tsunami (from 26 to 29 December, 2004). The warm surface waters around the SWE area spread northward in the third period (30 December to 2 January, Fig. 2a3 ) due mainly to the northward surface currents, as evident from 4-day mean surface currents shown in Fig. 3 . The time-mean surface currents and SSTs shown in Fig. 3 were calculated from the three hourly fields extracted from the 1/12°-resolution global ocean reanalysis produced by the ocean circulation model known as the Hybrid Coordinate Ocean Model (HYCOM) using the Navy Coupled Ocean Data Assimilation (NCODA). The HYCOM+NCODA reanalysis (run GLBu0.08/expt_19.1) was carried out on the GLBb0.08 computational grid, and the output was served on the uniform GLBu0.08 grid. The surface forcing including wind stress and heat/freshwater fluxes was taken/calculated from hourly Climate Forecast System Reanalysis (CFSR) with a horizontal resolution of 0.3125°produced by the National Centers for Environmental Prediction (NCEP). A reader is referred to the webpage for HYCOM at hycom.org/data/glbu0pt08/expt19pt1. It should be noted that the effect of the 2004 Indian Ocean tsunami was not explicitly considered in the numerical simulation for the HYCOM+NCODA reanalysis. Therefore, the 4-day mean fields of surface currents and SSTs presented in Fig. 3 are only for a general reference of surface circulation and hydrography in the study region.
Over the SWE area and adjacent areas, the surface currents are relatively strong and approximately northwestward during the second 4-day period (Fig. 3b) and nearly westward over the southern part and approximately northward over the northern part of the SWE during the third 4-day period (Fig. 3c) . This explains the dynamic process for the northward spreading of warm surface waters shown in Fig. 2a3 . By comparison, the SSTs over the area to the southeast of Sri Lanka (SES) decreased in the first 4 days (26-29 December, Fig. 2a2) after the tsunami and then gradually increased in the next 4-day period (from 30 December to 2 January, Fig. 2a3 ), due again to the northwestward advection of warmer surface water from the SWE area. The large-scale SST over the southern BoB (i.e., the northern part of the study region) remained relatively ).
Light gray areas represent land points. Black areas in (a1-a10) represent missing MODIS data due to cloud coverage. White areas in (b1-b10) represent unavailable QuickScat data over shallow coastal waters unchanged during these two periods (from 26 December to 2 January).
The MODIS SST data during the fouth and fifth periods (3-10 January) are not available over most of the study region due to heavy cloud cover (Fig. 2a4-5) . As mentioned earlier, there was a tropical storm occurring over the SES area during the fifth period. An examination of available MODIS SST data over some isolated areas during these two periods shown in Fig. 2a4-5 , together with the MODIS SST data in the sixth period (11-14 January, Fig. 2a6 ), indicates that the SSTs over the SWE area decreased gradually during these three periods from 3 to 14 January over this area. The simulated SSTs taken from the HYCOM+NCODA global ocean reanalysis also exhibit similar gradual cooling of surface waters over the SWE area during these three periods (Fig. 3d-f) .
The SST distributions during the seventh period (15-18 January, Fig. 2a7 ) are characterized by relatively warmer surface waters from the west cost of Sumatra Island to the SWE area and relatively cold from the western part of the southern BoB to the south of the SES area (Fig. 2a7) . During this period, the SSTs were relatively low over coastal and shelf waters to the east and southeast of Sri Lanka, due mostly to the southward advection of cold surface waters from the western part of the southern BoB, as supported by the simulated sea surface currents taken from the HYCOM+NCODA reanalysis (not shown). It should be noted that a relatively strong tropical cyclone occurred over the area to the east of Sri Lanka during this period. The SSTs were higher over the whole study region in the eight period (19-22 January), except for surface waters to the south of Sri Lanka. There was a cold water tongue during this period, which extended southeastward from coastal waters of Sri Lanka to the SES area.
During the ninth period (27-30 January, Fig. 2a9 ), the relatively cold surface waters spread over the northern part of the study region, including the Indian Ocean waters around Sri Lanka, except for several isolated areas around Sri Lanka where the SSTs were comparably warmer than adjacent surface waters. During the tenth period (27-30 January, Fig. 2a10 ), the SSTs were warmer over the study region, particularly for surface waters over the northwestern part of the study region. Figure 4a presents time-series of 4-day means of SSTs and air temperatures at the sea surface averaged from the MODIS SST data and the NCEP atmospheric temperatures over the small area to the south of Sri Lanka (marked by a box in Fig. 1 ). The time-series shown in Fig. 4a indicates that the area-average SSTs and air temperatures at the sea surface had different temporal variability before the tsunami but showed similar temporal changes after the tsunami, particularly after 30 December 2004. The SST over the SWE area gradually decreased from 26 December to 7 January and then increased with time during the period of 15-26 January. The 4-day mean SSTs and air temperatures restored to the pretsunami levels in the tenth period (27-30 January, Fig. 2a10, Fig. 4 ). It should be noted that time-series of the 4-day mean fields shown in Fig. 4 exclude any temporal variability of periods less than 4 days.
A natural question raised is whether the SST changes after the tsunami shown in Figs. 2 and 4 were part of normal seasonal variations of the SST in the region. To address this issue, we calculated the monthly mean SST anomalies (Fig. 5a ) from the MODIS SSTs by eliminating the 10-year (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) averaged (monthly mean) SSTs from the monthly mean SSTs of each year at each grid point of the satellite data. The monthly mean SST anomalies over the SES area were positive in December 2004 but negative in January 2005 (Fig. 5a ), indicating that surface waters over the SES area were abnormally warm in December 2004 and abnormally cool in January 2005 in comparison with the normal SST conditions over this area in the 10-year period 1999-2008. In the SWE area, the monthly mean SST anomalies were both positive in December 2004 and January 2005 (Fig. 5a ), indicating that surface waters over this area were abnormally warm in these two months. 
Changes in wind and accumulated rainfall
The QuickScat winds in the first 8 days after the tsunami (26 December 2004 to 2 January 2005) were relatively weak and less than 10 m s −1 in the study region except for several local areas (Fig. 2b2-3) . In comparison with the pre-tsunami surface winds in the period of 23-25 December (Fig. 2b1) , the 4-day mean surface winds during the first 8-day period after the tsunami seem not to be affected significantly by the tsunami. During the period of 3-6 January (Fig. 2b4) , the 4-day mean surface winds were also relatively weak over the southern and northern parts of the study region but relatively strong over several local areas in the central part of the study region with the 4-day mean wind speeds up to 18 m s −1
. The 4-day surface winds in the period of 7-18 January (Fig. 2b5-7) were strong over the SWE, SES, and adjacent areas, with the maximum 4-day mean wind speeds up to 20 m s −1
. As mentioned earlier, two tropical cyclones (Fig. 1) swept the offshore areas to the southeast of Sri Lanka with a weak cyclone in 8-10 January (Unisys 1) following by a strong cyclone in 14-17 January (Unisys 2), 2005. These two cyclones resulted in relatively strong time-mean surface winds over the SES and adjacent waters during these three periods. By comparison, the time-mean winds were weak during the next three 4-day periods of 19-30 January in the study region except for areas around Sri Lanka and several isolated deep waters to the south of Sri Lanka (Fig. 2b8-10) .
The 4-day averaged accumulated rainfall estimated from the TRMM data was small in the pre-tsunami period of 23-25 December (Fig. 2c1) . By comparison, the 4-day averaged accumulated rainfall increased moderately in the offshore Fig. 2c2 ). The rainfall increased in the deep waters to the south of the Sri Lanka during the period from 30 December to 2 January (Fig. 2c3), with the maximum accumulated rainfall of about 60 mm day −1
. The accumulated rainfall and the high rainfall areas increased in the following 12 days (Fig. 2c4-6 ) with the highest rainfall of ∼110 mm day (Fig. 2c6) . Figure 4d shows the post-tsunami increase in the 4-day averaged accumulated rainfall and wind speeds over the local area to the south of Sri Lanka in the first 16 days after the Indian Ocean tsunami.
To demonstrate abnormal rainfalls after the tsunami over the study region, we calculated the 4-day averaged cumulative rainfall anomalies from TRMM precipitation data by eliminating the 10-year (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) averaged (4-day mean cumulative) rainfalls from the 4-day mean cumulative rainfalls of each year. Figure 6 demonstrates that the 4-day averaged accumulated rainfall anomalies were positive over the SES area and adjacent offshore waters in the period of 3-6 January with a maximum anomaly up to 70 mm day −1 . (The physical explanation for the positive rainfall anomalies after the tsunami will be given in section 4.2). The positive 4-day averaged rainfall anomalies moved eastward in the period 7-10 January (Fig. 6b) . The positive rainfall anomalies became weaker in the period 11-14 January (Fig. 6c ). In addition, Fig. 5c demonstrates that the monthly mean accumulated rainfall in January 2005 was higher by about 600 mm month −1 than the 10-year mean monthly data over the offshore area to the southeast of Sri Lanka (the area marked by Ba^in Fig. 1 ).
3.3 Changes in the heat flux, relative humidity, and sea level air pressure
Time-series of changes in the LHF and SHF, relative humidity, and sea level pressure in the offshore area to the southwest of Sri Lanka (the area marked by Ba^in Fig. 1 ) from 20 November 2004 to 30 January 2005 are shown in Fig. 4b -c. The 4-day averaged LHF and SHF of this area had highly similar temporal variability during this 30-day period, with a large decreasing (negative) trend after the Indian Ocean tsunami (Fig. 4b) . It should be noted that the 4-day averaged LHF and SHF became relatively large during the tsunami, which is consistent with the previous findings. Based on the TropFlux dataset, Vishnu et al. (2012) demonstrated that the latent heat flux increases abnormally in most of areas in the Bay of Bengal and adjacent Arabian Sea during the 2004 Indian Ocean tsunami. The 4-day averaged monthly anomalies of LHF presented in Fig. 5b demonstrate that the LHF decreased in January 2005 in the study region, except for deep waters over the southern part of the study region. In particular, the deep waters around Sri Lanka experienced reduction in the LHF after the tsunami (Fig. 5b) .
The changes of relative air humidity at the sea surface in the local area to the southwest of Sri Lanka had similar temporal variability as the rainfall and surface winds after the tsunami, with an increase during the period of 7-14 January 2005 (Fig. 4c-d) . By comparison, the sea level air pressure in the same local area had out-of-phase variability in time with the relative humidity, rainfall, and surface winds, which decreased in time during the period of 6-14 January and reached the minimum during the period of 11-14 January 2005 (Fig. 4c) . Fig. 7 . The longitudinal transect is at 3.4°N (Fig. 7a) , which is approximately the latitudinal position of the epicenter of the earthquake (95.854°E, 3.316°N). The latitudinal transect is at 87.9°E (Fig. 7b) . The time-dependent SLA along the longitudinal transect during this period has a similar distribution, which was higher over the eastern part and (a) Jan3-Jan6 (b) Jan7-Jan10 (c) Jan11-Jan14 ) relative to the 10-year (1999-2008) mean of TRMM rainfalls during periods of a 3-6 January, b 7-10 January, and c 11-14 January after the 2004 Indian Ocean tsunami lower over the western part of the transect (Fig. 7a) . It is worthwhile to note that the SLA over the SES area, although lower than the counterpart to the east before the tsunami, was positive before the tsunami and became negative sooner after the tsunami (Fig. 7a) . Along the latitudinal transect, the time-dependent SLA was positive over the central part (4°N-7°N) and negative over the southern and northern part of the transect before the tsunami, and the pattern was reversed after the tsunami (Fig. 7b) . It was suggested that the large vertical displacement and propagation of the 2004 Indian Ocean tsunami waves resulted in strong vertical mixing, which brought subsurface cold waters to the surface layer and generated SST cooling over the earthquake hypocenter and adjacent regions of the fault area (Chakravarty 2006) . The influences of the Indian Ocean tsunami on the post-tsunami SST changes in the northern Indian Ocean were investigated in the past but with different findings (Murthy 2005; Agarwal et al. 2007; Luis et al. 2007 ). An increase of SST with 1°C was found in the coastal water off Chennai of India in the mid of January 2005 (Murthy 2005 ). On the other hand, SST cooling (about 0.5°C) after the tsunami was reported near Andaman and Nicobar Islands during the period 21-27 December 2004 (Agarwal et al. 2007) . It was suggested that the SST cooling around Andaman Island might attribute to the westward geostrophic flow from the Andaman Sea facilitated by a sea surface height gradient after the tsunami (Luis et al. 2007 ). In situ observations from 18 January to 17 February 2005 demonstrated that the SST increased in the vicinity of Andaman Island but decreased near the coast of Chennai (Luis et al. 2007 ). Based on the satellite remote sensing data, we demonstrated in this study that the SST increased (about 1-4°C) in the southern BoB and adjacent deep waters of the northern Indian Ocean after the tsunami from 26 December 2004 to 2 January 2005 ( Fig. 2a2-3 ). There are two plausible reasons for the post-tsunami SST changes in the study region. One plausible reason is the westward advection of relatively warm surface waters carried by the westward flow from the Andaman Sea due to the seasonal Rossby waves forced by the Indian Ocean monsoon (Yang et al. 1998 ). This westward advection was supported by the simulated ocean surface currents taken from the HYCOM-NCODA global ocean reanalysis, although it is unclear how much the westward advection over the study region produced by the dataassimilative HYCOM-NCODA is affected by the additional sea surface height change associated with the tsunami. The other plausible reason is that SST warming during this period was caused by the solar heating due to the rain-free weather conditions during the first 8 days after the tsunami. It should be noted that the SST in the study region decreased after 2 January 2005, particularly over the offshore area to the southeast of Sri Lanka (SES), which was due most likely to the temperature reduction by the windy and rainy weather conditions in mid-January 2005.
Changes in sea level anomaly
The latent heat flux plays a very important role in affecting the energy budget at the sea surface. Both the SST and sea surface winds are closely correlated with the latent heat flux, particularly in the equatorial and tropical oceans (Zhang and Mcphaden 1995) . The evaporation rate is directly proportional to the ocean's latent heat loss and is affected by the oceanatmosphere temperature difference (Siedler et al. 2001) . The higher the sea surface temperature is than the sea surface air temperature, the more flux of sensible and latent heat releases to the atmosphere from the ocean surface (Bjerknes 1966) . Usually, the LHF increases with wind speeds and vice versa. But, the increase of SST not always leads to the increasing of LHF (Liu 1988; Sui et al. 1991; Zhang and Mcphaden 1995) . It was demonstrated in this study that the post-tsunami LHF decreased over the ocean waters to the southeast of Sri Lanka (SES) but increased in the offshore waters to the southwest of epicenter (SWE) (Fig. 5b) . The increase of LHF in the SWE area is consistent with the QuickScat winds over the same area during the period of 3-14 January 2005, which implies that there should be a causal relation between these two atmospheric variables.
The SST over the SWE area also underwent a short-term increasing shortly after the tsunami (from 26 December 2004 to 2 January 2005). But after this period, the SST over this area kept decreasing accompanied by notably increasing of accumulated rainfall and wind magnitude. Cloudy weather conditions in the rainy days in January over this region should facilitate the decreasing of SST. After this period and till the end of January, due to the clearance of wind and rain, the SST in this region increased gradually from 28 to 32°C (Fig. 2a) . The increasing of SST in the SWE area may lead to high evaporation rates. As a result, the LHF in the SWE area increased in January 2005 (Fig. 5b) . A noticeable increase in the LHF was also reported by Agarwal et al. (2007) . They found an apparent growth in the water vapor loading in the Tropical Rainfall Measuring Mission/Microwave Imager (TMI) data from 31 December 2004 to 11 January 2005 near Andaman and Nicobar Islands. They suggested, however, that the increased water vapor loading in the atmosphere following the tsunami is not due to winds or the increase in SST but possibly due to the direct injection of water into the atmosphere.
Succession relationship between the changes of SST, accumulated rainfall, and wind
Of all the atmospheric and oceanographic variables considered in this study, the rainfall and SST had noticeable increases in comparison with their 10-year means between 1999 and 2008. The important question to be addressed is what are the main dynamic processes affecting the changes in these variables within 1 month after the tsunami. Considering a huge disturbance of the tsunami to the ocean water, one possible driver for the serial changes may attribute to the change in SST. The SST over the SWE area increased about 1-4°C within 4 days after the tsunami, which should enhance the heat and water vapor transfer to the lower troposphere that was thereby destabilized. Concurrently, surface easterlies over this area weakened or even reversed and rainfall increased. With the diminished upwelling, further surface heating led through a feedback process to even more rain (Ichiye and Petersen 1963) . Increasing of SST might also increase deep convection and produced extensive optically thick cirrus cloud, which blocked the solar radiation from reaching the surface of the ocean and further cooling of the ocean (Ramanathan and Collins 1991) . Positive correlations between rainfall and SST for the period of July to September in the eastern equatorial Atlantic was found by OpokuAnkomah and Cordery (1994) . They also found lagged correlations between the SSTs in May to July and rainfall from July to September. A possibility also remains that higher SST could somehow modify the moisture and thermal distribution of the overlying air to produce more local rainfall during the study period.
The succession changes of these oceanographic conditions and atmospheric variables after the tsunami suggested that they might conceive as an interrelated system. Shortly after this tsunami, the longitudinal sea level height difference increased over the SES area (Fig. 7a) , which led to the supplement of warm surface waters from the Andaman Sea and the Southern Indian Ocean. The incoming warm water due mainly to the northwestward surface currents combined with the solar heating increased the surface temperature of the SWE within in the first few days after the tsunami (increased abnormally about 1-4°C in contrast with its historical 10-year mean value). With the increasing of SST, latent and sensible heat flux both increased over the SWE area, and SST increased the enhanced convective activity, the ensuing westward wind, and accumulated rainfall enhanced after the decreasing of surface pressure. The abnormal increase of wind magnitude was observed, and its strength kept increasing during the period of 7-14 January. In addition, during the period of 7-10 January, the wind was strong and an abnormal increase of rainfall was observed, of which the strength decreased with the time prolonging to 18 January, 2005. With the retreat of the rainfall (15-18 January), an abnormally high chlorophyll plume with the ribbon shape was found in the area in the period 19-20 January, and the chlorophyll concentration decreased with the time and its position also drifted westerly for some distance (Tang et al. 2008) . The SST, rainfall, and winds seem to have a lead-lag relationship, as the start of abnormally high wind speeds and dense rainfall were all lag about 8-12 days after the increase of SST. There were several studies that discussed the relations between SST and rainfall (Opoku-Ankomah and Cordery 1994; Wang 2006) . Positive correlations between rainfall and SST for the period July to September in the eastern equatorial Atlantic was found by Opoku-Ankomah and Cordery (1994) . They also found the lagged correlations between the SSTs from May to July and rainfall from July to September. It should be noted, however, that a firm understanding of local changes in the atmospheric and oceanographic conditions in the southern BoB after the 2004 Indian Ocean tsunami requires a numerical modeling study using a coupled atmosphere-ocean model, which is beyond the scope of this study.
